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Since the first detection in 2015, ten black hole binary merger events have been formally reported.
These gravitational wave signals have significantly enhanced our understanding of the black hole
astrophysics. In general, the properties of a black hole are comprehensively described by its mass,
spin, and charge. The third parameter is often ignored because of the very low value expected
in the realistic astrophysical environment. In this work, we constrain the amount of charge in a
way which is equivalent to the parametrized post-Einsteinian framework by treating the charge as
a small perturbation with Bayesian method, and we find that the current limit on the charge is
similar to the one obtained by the Fisher information matrix method in previous works. Then
we develop a zeroth order post-Newtonian waveform for charged binary black hole inspirals, and
apply this charged waveform to the binary black hole merger events observed by LIGO-Virgo in
their first two runs. A Bayesian model selection is performed among the post-Newtonian waveform,
charged post-Newtonian waveform, and full inspiral-merger-ringdown waveform. Remarkably, we
show that charged post-Newtonian waveform matches the LIGO-Virgo data better compared with
non-charged post-Newtonian waveform, mainly due to the influence in the late inspiral period, and
the full inspiral-merger-ringdown outrun both by far. The inclusion of charge in the waveform
might shift the estimated parameters significantly. Finally, we obtain certain constraints on the
binary black hole charges and discuss the drawbacks. Our work calls for the development of a full
inspiral-merger-ringdown waveform for charged binary black hole merger, so that more meaningful
constraints could be obtained.
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2I. INTRODUCTION
In 2015, Laser Interferometer Gravitational-Wave Observatory (LIGO) announced the first detection of the gravi-
tational wave signal generated by the merger of binary black holes, GW150914 [1], which came from 450 Mpc away.
Subsequently, until the end of 2017, nine more gravitational wave signals generated from the merger of black hole (BH)
binaries were detected [2]. According to the no-hair theorem of BH in general relativity (GR), where a Kerr-Newman
BH is fully described by its mass, spin, and charge [3–6], the gravitational waveform of the merger of BH binaries can
be characterized by these three parameters.
But in reality, no feasible mechanism has been developed for the accumulation of significant amount of charge
on a BH. This is why usually people do not consider the charge in the gravitational waveform model. Anyhow,
observational evidence for the neutrality of the BH is still lacking. One proposal is to roughly estimate the charge of
the BH by measuring the size of the shadow of the supermassive BH in the center of galaxies. This is because the
size of the shadow of the BH is mainly determined by the space-time geometry [7]. Interestingly, the measurements of
M87* by Event Horizon Telescope (EHT) [8] and Very Long Baseline Interferometry (VLBI) [9] show that it is likely
a Kerr BH [8], while the data of Sgr A∗ [10, 11] are more consistent with an extremely charged Reissner-Nordstrm
BH [12].
Meanwhile, gravitational wave (GW) data can be used to constrain the charge of BH as well. Assuming that the
charges of the BHs detected by LIGO-Virgo are indeed negligible, then the effect of the charge on the gravitational
waveform in the inspiral period is reflected primarily in the phase of the waveform in the form of dipole radiation
[13]. Both the Bayesian method and the Fisher information matrix (FIM) method have been adopted to explore
the ability of LIGO to constrain the dipole radiation of GW signals [14, 15]. Since the effect of the dipole radiation
on gravitational waveform is at −1 post-Newtonian (PN) order [16], the result in [14, 15] is that LIGO can hardly
constrain the dipole radiation, as expected.
To achieve better constraints on the charge, we need a gravitational waveform model to address charges at all orders.
Such a waveform model is unavailable possibly even in the near future. The process of merger of BH binary can be
divided into three stages: inspiral, merger and ringdown, where the inspiral stage is generally described by PN theory
[17], merger stage is generally approximated by numerical simulation [18], and ringdown stage [19–22] is explained
by perturbation theory. The IMRPhenomPv2 waveform model (hereafter IMR waveform model) [23] is a waveform
model that incorporates all the three stages and the effects of spin and mass, but unfortunately do not consider the
charge effect. So we follow the steps in [24–27], and we obtain zeroth order post-Newtonian (0PN) charged waveform
model (hereafter 0PNC model) to describe the inspiral stage of charged binary BH as a first attempt to incorporate
the charge effect in the gravitational waveforms. When we analyse GW data with 0PN and 0PNC waveform models,
we set the innermost stable circular orbit (ISCO) GW frequency of the final BH as the cut-off frequency, to remove
the post-inspiral part signal. The ISCO GW frequencies of these ten binary BH events are given by [28].
Based on the LIGO-Virgo data, we combine the IMR waveform model implemented in LIGO Algorithm Library
[29] and the Bayesian method to limit the dipole radiation, and the results are consistent with [14, 16]. Using
the 0PNC waveform model, we first analyze how the charge amount affects the gravitational waveform, and then
analyze the LIGO-Virgo GW data to complete a preliminary estimation of the charge of events detected by LIGO-
Virgo. We find that if the BHs are extremely charged, both the amplitude and phase of the GW will be significantly
affected. And some of these GW events match the 0PNC waveform model much better than the 0PN waveform
model. For GW150914, GW170729, and GW170823, the results are more consistent with the case where they have
been extremely charged. However, such feature is mainly due to the deviation from inspiral for data very close to
post-inspiral. Therefore, the results imply that a more complete waveform model is needed to obtain a more realistic
constraint on black hole charge from gravitational wave data.
The work is organized as follows. In Sec. II, we introduce the waveform model adopted to constrain the dipole
radiation, and the 0PNC waveform model used to describe the inspiral of charged BH binary. In Sec. III, we briefly
introduce the Bayesian method for the processing of GW data and the effect of the choice of prior. In Sec. V, we
summarize the calculation results and related conclusions, highlight the deficiencies of this article, and discuss what
can be done further. We assume c = 1 throughout the paper unless otherwise specified.
II. MODELS
In this section, we will introduce the waveform models adopted in this work. We first treat the charge effect as a
small perturbation, which can be well described by the parameterized post-Einsteinian (PPE) framework. The PPE
waveform is based on the IMR waveform model (see Sec. II A) , which is also adopted by LIGO in [2]. We obtain
result similar to [2] and use it as a benchmark. Then we develop 0PNC waveform model in II B, in which the value
of the electric charge is general. In the absence of charges, the 0PN waveform is recovered.
3A. The PPE framework
First, we consider the case of a tiny amount of charge. It is interesting to note that in this case, the inspiral part
of the waveform phase of the charged BH binaries can be incorporated into the PPE formalism, which describes
the gravitational waveforms of theories alternative to GR in a model-independent way [13]. Formally, the effect
from the electric dipole radiation can be captured by the PPE parameter entering at −1 PN order, similar to the
dipole radiation from scalar-tensor theory [30]. The one-to-one mapping between the waveform of the charged binary
BH and the PPE formalism has been performed in [25]. The effect of the charge on the waveform of the GW
is written as ∆Ψq = − 584η2/5ζ2 (piGMf) [25, 27], which can be taken as a perturbation term in the phase. Here
η = m1m2/(m1+m2)
2 is symmetric mass ratio, ζ represents the difference between the charges of the binary BH, which
will be introduced in II B.M = (m1m2)0.6/(m1 +m2)0.2 is the chirp mass with component masses m1 and m2, and f
is the frequency of the GW. Assuming the IMR waveform model is reduced to the form of hIMR(f) = AIMR(f)e
ΨIMR ,
then the waveform model considering the dipole radiation can be written as hIMR(f) = AIMR(f)e
ΨIMR+∆Ψq . The
study in [31] shows that at least in theories where the leading corrections enter at negative PN orders, the phase-only
analyses can produce sufficiently accurate constraints. So in this model our analysis is based on the phase of the
waveform.
Combining the calculation results in [14] and the analysis in [25], LIGO’s estimation accuracy for the charge of a
binary BH like GW150914 can only reach 0.31, which does not match the initial model assumption that the charge
is a small correction to the waveform. There are two possible explanations. One is that the signal-to-noise ratio of
the LIGO data is not high enough. So one may expect that with the increase of the ability of GW detectors, a more
stringent on the charge will appear. The other one, though much less likely, is that the charge is essentially not small.
To judge the second crazy explanation, a full gravitational waveform model of charged binary BH is needed to fit the
data. Such a kind of models is hard to achieve and in this work we move forward by developing the 0PNC waveform
model.
B. 0PNC waveform model
For the waveform of 0PN, we do not consider the spin of binary black holes since the spin evolution of the binary
BH only occurs at high orders of the PN expansion. Therefore we only need to analyze the (circular) orbit evolution
in the inspiral phase due to the energy loss. For two point particles with mass m1 and m2 and charge q1 and q2
respectively, we define λi = qi/(
√
Gmi). They orbit each other with orbital radius R, and the orbit decays with time
t. The total energy of the system is given by
E = −Gm1m2
2R
+
q1q2
2R
= −G(1− λ1λ2)m1m2
2R
.
(1)
For simplification, we define Geff = G(1−λ1λ2). The dissipation of total energy can be divided into two parts, one
is the emission of GW, another is electromagnetic dipole radiation.
E = −Geffm1m2
2R
,
dE
dt
= −dEGW
dt
− dEdip
dt
= −32
5
η2
GG3effM
5
R5
− 2
3
ζ2
G3effm
2
1m
2
2
R4
,
(2)
where M = m1 +m2 is total mass of the binary, ζ = |λ1−λ2|/
√
1− λ1λ2 is used to characterize the difference between
the charges of two BHs. Solving Eq. (2) we can obtain the evolution equation of the orbital radius:
− dR(t)
dt
=
A
R(t)3
+
B
R(t)2
, (3)
where A = 64GG2effMm1m2/5, and B = 4ζ
2G2effm1m2/3 .
Then we can obtain the relation between R and t when B is not equal to zero:
τ =
1
3B
R3 − A
2B
R2 +
A2
B3
R− A
3
B4
ln
(
B
A
R+ 1
)
, (4)
4where τ = tc − t and tc is the coalescence time. From Eq. (4) it is clear that an analytical solution of R(t) is not
possible so we have to solve it numerically. Due to the last part of Eq. (4), the numerical solution is not accurate
enough when BR/A ∼ 0. So we expand Eq. (4) as a series of BR/A when it is small and we obtain:
τ =
R4
A
(
1
4
− B
5A
R+
B2
6A2
R2 − B
3
7A3
R3 +
B4
8A4
R4
)
+O
(
BR
A
)9
. (5)
According to the Kepler’s law, the orbital frequency is
√
GeffM/R3. And the gravitational frequency is twice as
much as the orbital frequency, so we have ωgw = 2pifgw = 2
√
GeffM/R3.
The waveform in time domain is given by
h+(t) =
4
dL
(
GeffM
c2
)5/3(
pifgw (t)
c
)2/3
1 + cos2 ι
2
cos (Φ (t)) ,
h×(t) =
4
dL
(
GeffM
c2
)5/3(
pifgw (t)
c
)2/3
cos ι sin (Φ (t)) ,
(6)
where ι is inclination angle, dL is luminosity distance and
Φ(t+ tISCO) =
∫ t
tISCO
dt′ωgw (t′) + φc , (7)
where tISCO is the time when the BH reaches the ISCO. We cut the phase before tISCO for three reasons: first, the
phase before tISCO can be included in φc and the result is equal to a time shift, which means this do not affect the
results of parameter estimation; second, ωgw is infinity when τ = 0, and this can not be integrated; last but not least,
0PNC waveform model cannot truly describe the motion of the binary BH when the orbital distance is too small.
According to Eqs. (3) and (4), we will know tISCO for a given RISCO. In reality it is difficult to know the exact
value of M and λ for the final BH. In particular, given the values of λ1λ2 and |ζ|, we still cannot uniquely determine
the respective charge of the two BHs. Approximately we take M = m1 + m2, λ = min{|m1λ1+m2λ2m1+m2 |, |m1λ2+m2λ1m1+m2 |}.
And we do the calculation in the similar way as [32] and obtain
RISCO =
4GMλ2
3 + 1/C + C
, (8)
where C = −(9− 8λ2 − 4√4λ4 − 9λ2 + 5)1/3. The ISCO of a charged BH decreases with the charge, RISCO = 4GM
when |λ| = 1, while RISCO = 6GM for BH without spin and charge.
Based on the derivation above, we obtain the 0PNC waveform model. Obviously it reduces to 0PN when both
BHs are uncharged. As we have already pointed out, under the PPE framework, LIGO has very weak restrictions
on the charges of GW150914, with |ζ| . 0.31. Then we can analyze how much the impact of this would have on
the GW signal if the BHs in binary have large charges. So we choose parameters similar to GW150914, where
m1 = m2 = 30 M, dL = 540Mpc, ι = 0, φc = 0, and we set cut-off frequency to be flow = 20Hz. For the charge
of GW150914, if |ζ| = 0.31, then we can obtain −0.025 ≤ λ1λ2 ≤ 0.90. For proper comparison, we have chosen
four special values with λ1λ2 = {−0.02, 0.02, 0.12, 0.22} to study the effect of charge. As shown in FIG. 1, both
the amplitude and phase of the GW signal will be strongly affected if GW150914 is endowed with a large amount of
charges. The effect of charge on the early inspiral of the gravitational waveform is more significant, which is consistent
with the previous works [13, 14, 25]. We also find that the smaller the Geff , the smaller the GW amplitude, which is
due to the effect of Geff shown in 6. It is also worth noting that the larger the value of λ1λ2, the slower the frequency
evolution of GW signals. So, Geff and M have similar effects on GW signals.
III. METHOD
A. Parameter estimation
Although we have time-domain waveforms, Bayesian analysis is performed better with the frequency-domain wave-
forms. Therefore, we need to transfer the time-domain waveform to the frequency domain through the fast Fourier
transform. But if we carry out the fast Fourier transform without any processing on the time-domain waveform, the
frequency domain waveform will be less realistic due to the spectral leakage. One of the reasons for this effect is that
51.5 1.0 0.5 0.0
t [s]
1.0
0.5
0.0
0.5
1.0
S
tra
in
×10 21
1 2 = 0, | | = 0
1 2 = 0.02, | | = 0.31
1 2 = 0.02, | | = 0.31
×10 22
1.5 1.0 0.5 0.0
t [s]
1.0
0.5
0.0
0.5
1.0
S
tra
in
×10 21
1 2 = 0, | | = 0
1 2 = 0.12, | | = 0.31
1 2 = 0.22, | | = 0.31
×10 22
FIG. 1. The time domain 0PNC gravitational waveforms for BH binaries with different charges. The rest
parameters of these sources are the same, i.e., the detector-frame masses are m1 = m2 = 30 M, the luminosity
distance is dL = 540 Mpc, the inclination angle is θjn = 0. The cut-off frequency is flow = 20 Hz. The green solid
line represents the case of zero charge, and the red (blue) dash dotted (dashed) line in the left panel represents the
source with λ1λ2 = −0.02 (0.02), the red (blue) dash dotted (dashed) line in the right panel represents the source
with λ1λ2 = 0.12 (0.22).
the amplitude changes at the starting and ending of the time domain waveform are too abrupt. So we can use window
functions to taper both sides of the time domain waveform to decrease the spectral leakage effect. The taper GW
waveform has been shown in FIG. 1, and we have applied the same type of taper throughout this work.
We adopt three waveform models with different parameter spaces in this work, they are 0PN model, 0PNC model,
and IMR model. There are five internal parameters in 0PN waveform model, including the redshifted chirp mass (Mz),
mass ratio, luminosity distance, inclination angle, and reference orbital phase. While charged waveform model have
two additional charge related parameters and the IMR model have six additional spin related parameters comparing
with the 0PN model. Also, there are four external parameters, including the geocentric time, the polarization angle,
and two dimensions of sky location. We marginalize over the reference phase φc and geocentric time tc, thus we have
7, 9, and 13 free parameters for 0PN model, 0PNC model, and IMR model, respectively. The GW data and power
spectrum density (PSD) for each event are downloaded from LIGO-Virgo GW Open Science Center. To estimate
parameters with data from the first two observation runs (O1 and O2), we carry out Bayesian inference with BILBY
[33], using Pymultinest as our sampler.
The prior on redshifted chirp mass is uniform in the range of 5 M ≤Mz ≤ 20 M for GW151226 and GW170608
and 5 M ≤ Mz ≤ 50 M for the other events, the prior on mass ratio is uniform in the range of 0.25 ≤ q ≤ 1. We
apply comoving uniform prior on luminosity distance 50Mpc ≤ dL ≤ 4000Mpc, while prior on inclination angle is
uniform in the range of −1 ≤ cos ι ≤ 1. The prior on polarization angle is uniform in the range of 0 ≤ ψ ≤ pi, and the
prior of the sky location is uniform in spherical coordinates. The priors of the above parameters keep unchanged for
three models. For 0PNC model, there are two more parameters, λ1λ2 and |ζ|. We implement both uniform prior and
log-uniform prior on them. For uniform prior, −1 < λ1λ2 < 1, 0 ≤ |ζ| <
√
2, and we name it P1. For log-uniform
prior, λ1λ2 = (−1,−10−3]
⋃
[10−3, 1), 10−3 ≤ |ζ| < √2, and we name it P2. And we also set constraint on them with
0 ≤ ζ2(1 − λ1λ2) + 4λ1λ2 and λ1λ2 + |ζ|
√
1− λ1λ2 < 1. For other parameters in IMR waveform model, we use the
same priors presented in [2]. For the results in PPE, the prior on |ζ| is uniform in the range of 0 ≤ |ζ| < √2 and the
priors on other parameters are the same with IMR waveform model.
B. Model comparison
The Bayes factor is adopted to quantitatively compare two models. It is defined as the ratio of evidence of these
two models:
B = Z2Z1 , (9)
6TABLE I. The constraint on dipole radiation of binary BH events detected by LIGO-Virgo in the O1 and O2 run,
shown in 90% confidence interval.
Event name GW150914 GW151012 GW151226 GW170104 GW170608
|ζ| 0.05+0.07−0.04 0.61+0.21−0.20 0.07+0.05−0.05 0.15+0.13−0.12 0.05+0.05−0.04
Event name GW170729 GW170809 GW170814 GW170818 GW170823
|ζ| 0.17+0.12−0.13 0.14+0.12−0.11 0.05+0.08−0.05 0.09+0.11−0.08 0.11+0.14−0.09
where Z1,Z2 are the corresponding evidence. For a series of GW data, we could obtain lnB of the waveform model
over the Gaussian noise model. In this work, we define lnB0 to represent the log Bayes factor of one model over
the Gaussian noise model. Because the noise model is unchanged for each event, Bayes factors of four models are
comparable with each other in each event.
The Akaike Information Criterion (AIC) is also adopted to incorporate the penalty of increasing sampling parameters
in model comparison:
AIC = −2 lnL0 + 2Npar , (10)
where L0 is the likelihood-ratio between the best-fit waveform model and the Gaussian noise model, Npar is the
number of free parameters in each waveform model.
IV. RESULTS
In this section, we present the results with different waveform models. First, on the premise that the BH has a
small amount of charge, we set up the constraints with the GW data. Then, we use the 0PNC waveform model to
analyze these sets of GW data. For comparison, we also present the analysis results with the 0PN waveform model.
A. Constraints on dipole radiation
In this part, we analyse with IMR waveform model to get constriants on dipole radiation, with a higher frequency
cut-off at 1024 Hz.
As shown in Table I, for some GW events, the GW data can constrain |ζ| to be about 0.05, while the loosest case
is |ζ| ∼ 0.61. In [14], the constraint with GW150914 is |ζ| . 0.31, and the constraint with GW151226 is |ζ| . 0.17,
which are similar to our results summarized in Table I. The initial model assumption is the BHs have a negligible
amount of charges. Therefore, at least for GW151012, apparently such an assumption is not self-consistent.
Since the dipole gravitational radiation dominates at −1 PN order, which is suitable for future space-based GW
detectors such as Laser Interferometer Space Antenna (LISA) [34] and TianQin [35]. The work in [16] shows that joint
observations of GW150914-like systems by LIGO and LISA will improve bounds on dipole emission from BH binaries
by several orders of magnitude relative to current constraints. We expect that with multi-band GW the constraint
on electric charge of BH can be improved as well.
B. Constraints with the 0PNC waveform model
In this part, we perform analysis with three waveform models mentioned above. For comparison, the cut-off
frequency of each event is set to be the ISCO GW frequency and kept unchanged for analysis with different waveform
models, where the ISCO GW frequency can be found at [28].
In TABLE II, we show results of the 0PN waveform model and the 0PNC waveform model with marginalizing over
reference phase φc and geocentric time tc. Another parameter ψ is hard to determine by both waveform models, so
we do not show it. The results with IMR waveform model are shown in TABLE II and they are well consistent with
the results of [2]. Although the results obtained by the 0PN waveform model deviate from the IMR waveform model
and lnB0 is small, considering the highly simplified waveform, such results are tolerable to a certain extent. For the
0PNC waveform model, in order to obtain the most reliable results, we have performed a relatively comprehensive
analysis.
7TABLE II. Detector frame parameters of binary BH events detected in O1 and O2 runs. We list seven parameters,
including two charge parameters (column 8 and 9). We compare the log Bayes factor of 0PN and 0PNC models over
the Gaussian noise model (column 10). And we also show lnL0 (column 11) and AIC (column 12) for each events.
All the source properties are shown in 90% confidence interval.
Events Models Mz q dL RA DEC λ1λ2 |ζ| lnB0 lnL0 AIC
GW150914
IMR 32.5+3.1−2.3 0.71
+0.25
−0.28 520
+130
−100 1.7
+0.7
−0.5 −1.0+0.2−0.1 - - 152.9 168.4 −310.7
0PN 26.6+0.6−0.6 0.89
+0.10
−0.19 540
+140
−150 2.0
+0.6
−1.0 −1.2+0.3−0.1 - - 63.6 83.3 −150.5
0PNC P1 16.3+1.0−2.2 0.76
+0.21
−0.31 370
+70
−110 2.3
+0.4
−1.1 −1.2+0.3−0.1 −0.55+0.09−0.18 1.22+0.08−0.06 129.2 155.7 −291.3
0PNC P2 16.5+1.0−1.8 0.78
+0.20
−0.31 390
+70
−100 2.4
+0.3
−1.2 −1.2+0.3−0.1 −0.53+0.09−0.15 1.21+0.07−0.05 125.0 150.6 −283.2
GW151012
IMR 18.1+2.3−0.8 0.65
+0.28
−0.29 1290
+490
−290 4.0
+0.4
−3.1 −0.2+1.1−0.6 - - 17.6 29.9 −33.7
0PN 19.6+0.9−0.5 0.79
+0.18
−0.31 1700
+1150
−590 2.3
+2.7
−1.6 0.0
+1.0
−1.0 - - 4.5 16.8 −17.6
0PNC P1 11.0+2.5−1.9 0.71
+0.25
−0.33 940
+390
−300 4.2
+1.0
−3.4 −0.6+1.5−0.5 −0.37+0.22−0.22 1.11+0.13−0.16 9.4 28.5 −37.0
0PNC P2 14.4+5.3−3.5 0.79
+0.18
−0.28 990
+830
−410 1.1
+3.8
−0.5 0.2
+0.6
−1.2 −0.03+0.06−0.36 0.94+0.18−0.90 6.0 23.8 −29.5
GW151226
IMR 9.7+0.1−0.1 0.69
+0.26
−0.27 560
+130
−170 3.4
+0.4
−2.5 0.0
+0.9
−0.7 - - 45.4 65.1 −104.2
0PN 9.9+0.0−0.0 0.81
+0.17
−0.29 740
+210
−260 1.5
+2.6
−1.0 −0.0+0.8−1.0 - - 26.0 44.1 −72.1
0PNC P1 10.0+0.6−0.9 0.80
+0.18
−0.29 690
+200
−220 3.6
+0.8
−3.0 −0.5+1.2−0.6 0.05+0.13−0.05 0.09+0.31−0.08 22.4 43.8 −67.5
0PNC P2 9.9+0.2−0.1 0.81
+0.17
−0.27 750
+200
−230 1.1
+3.1
−0.7 0.0
+0.7
−1.1 0.01
+0.04
−0.00 0.01
+0.08
−0.01 24.4 38.7 −59.3
GW170104
IMR 27.1+2.9−2.4 0.68
+0.28
−0.31 1550
+460
−370 2.2
+3.8
−0.2 0.7
+0.5
−1.0 - - 35.5 46.3 −66.7
0PN 26.3+1.0−0.8 0.81
+0.16
−0.27 1670
+700
−650 2.2
+4.0
−2.0 0.2
+1.0
−0.8 - - 14.0 27.4 −38.8
0PNC P1 14.5+4.4−2.5 0.75
+0.22
−0.34 1050
+370
−360 2.1
+3.9
−0.5 0.6
+0.5
−1.1 −0.43+0.29−0.21 1.15+0.12−0.23 20.3 39.6 −59.3
0PNC P2 21.1+5.0−1.7 0.79
+0.18
−0.27 1130
+610
−370 2.3
+3.8
−0.6 0.5
+0.7
−0.9 −0.00+0.03−0.07 0.84+0.14−0.73 15.6 31.5 −45.0
GW170608
IMR 8.5+0.0−0.0 0.71
+0.25
−0.26 440
+80
−90 2.1
+0.2
−0.4 1.1
+0.2
−0.3 - - 84.5 105.5 −184.9
0PN 8.7+0.1−0.0 0.28
+0.33
−0.03 440
+180
−180 2.1
+0.2
−0.4 0.5
+0.5
−0.4 - - 56.2 79.9 −143.7
0PNC P1 10.3+0.9−1.1 0.49
+0.46
−0.22 320
+150
−120 2.2
+0.1
−0.2 0.6
+0.5
−0.4 0.34
+0.12
−0.23 0.03
+0.06
−0.03 55.3 81.3 −142.7
0PNC P2 8.8+0.4−0.1 0.28
+0.22
−0.02 450
+160
−170 2.1
+0.1
−0.4 0.6
+0.5
−0.4 0.01
+0.12
−0.01 0.01
+0.04
−0.01 55.0 75.9 −133.8
GW170729
IMR 44.1+4.4−4.7 0.67
+0.28
−0.30 2620
+760
−740 5.3
+0.5
−3.0 −0.8+1.7−0.5 - - 18.3 27.7 −29.3
0PN 42.2+6.0−6.0 0.77
+0.21
−0.32 2610
+1050
−1070 3.3
+2.4
−2.2 0.2
+0.9
−1.1 - - 4.3 14.2 −12.4
0PNC P1 24.5+5.2−4.1 0.74
+0.23
−0.35 1800
+740
−630 5.0
+0.7
−2.9 −0.5+1.3−0.6 −0.49+0.27−0.23 1.19+0.12−0.20 11.4 26.9 −33.8
0PNC P2 28.3+8.6−5.1 0.78
+0.20
−0.29 1810
+680
−610 4.9
+0.7
−3.0 −0.4+1.3−0.6 −0.28+0.29−0.28 1.05+0.17−0.35 7.8 22.8 −27.6
GW170809
IMR 29.0+2.4−1.9 0.67
+0.27
−0.30 1110
+470
−320 0.6
+0.5
−0.2 −0.4+0.6−0.3 - - 25.3 40.5 −55.0
0PN 30.1+1.1−1.0 0.80
+0.18
−0.27 1920
+880
−690 3.2
+2.5
−2.8 −0.2+1.1−0.5 - - 10.9 22.0 −28.0
0PNC P1 17.7+4.7−3.4 0.73
+0.25
−0.34 960
+730
−320 0.4
+5.2
−0.2 −0.4+1.3−0.3 −0.33+0.26−0.24 1.08+0.15−0.23 15.8 34.5 −49.0
0PNC P2 24.1+6.0−2.7 0.79
+0.18
−0.27 1370
+810
−460 3.1
+2.4
−0.4 −0.2+1.1−0.4 −0.00+0.03−0.06 0.78+0.20−0.75 12.0 26.2 −34.3
GW170814
IMR 28.0+1.8−1.6 0.75
+0.22
−0.30 690
+120
−100 0.8
+0.1
−0.1 −0.8+0.1−0.1 - - 91.6 108.6 −191.1
0PN 27.8+0.7−0.8 0.89
+0.10
−0.19 670
+470
−220 0.7
+1.5
−0.2 −0.9+0.9−0.3 - - 38.1 56.4 −96.8
0PNC P1 15.5+2.8−2.9 0.77
+0.21
−0.36 390
+150
−100 0.6
+0.1
−0.1 −0.9+0.5−0.1 −0.35+0.19−0.22 1.09+0.14−0.15 71.3 96.9 −173.9
0PNC P2 17.2+1.8−3.4 0.80
+0.18
−0.30 400
+110
−80 0.6
+0.1
−0.1 −0.9+0.2−0.1 −0.25+0.16−0.21 1.02+0.14−0.10 67.6 91.6 −165.2
GW170818
IMR 33.1+3.5−2.8 0.66
+0.29
−0.32 2290
+810
−860 4.8
+1.0
−0.3 0.2
+0.5
−0.5 - - 15.7 28.8 −31.6
0PN 33.5+4.1−5.2 0.74
+0.23
−0.36 3030
+810
−1210 4.3
+1.4
−3.8 −0.1+0.8−1.1 - - 2.4 10.1 −4.2
0PNC P1 22.9+8.2−5.9 0.69
+0.27
−0.34 1980
+1290
−930 5.0
+1.0
−4.1 0.3
+0.4
−1.3 −0.21+0.34−0.34 0.99+0.23−0.49 4.0 19.9 −19.7
0PNC P2 30.4+6.6−8.8 0.72
+0.24
−0.35 2530
+1190
−1220 4.6
+1.4
−4.0 0.1
+0.7
−1.1 0.00
+0.12
−0.05 0.36
+0.57
−0.35 2.3 13.0 −7.9
GW170823
IMR 40.9+6.6−5.3 0.67
+0.28
−0.30 2740
+890
−890 4.3
+0.6
−3.6 −0.3+1.2−0.6 - - 17.9 24.8 −23.6
0PN 33.7+3.0−2.7 0.77
+0.20
−0.31 2390
+1060
−910 3.9
+1.5
−3.3 −0.1+1.2−0.8 - - 4.8 14.5 −12.9
0PNC P1 21.1+5.7−3.7 0.73
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−0.35 1690
+700
−620 4.1
+1.6
−3.5 −0.3+1.3−0.6 −0.47+0.29−0.23 1.17+0.12−0.22 9.2 24.5 −28.9
0PNC P2 26.6+6.9−6.3 0.77
+0.20
−0.30 1770
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−640 4.0
+1.4
−3.5 −0.3+1.2−0.7 −0.16+0.18−0.35 0.98+0.22−0.83 6.1 20.2 −22.3
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FIG. 2. The impact of different prior distributions of λ1λ2 (left panel) and |ζ| (right panel) on the posterior
distributions. The solid lines represent priors of these two parameters, while red solid lines represent prior P1 and
green solid lines represent prior P2. Taking GW150914 (dashed lines) and GW170608 (dash dotted lines) as
examples, for GW150914, the change of the prior distributions does not significantly affect the distributions of the
posterior, while the change of the prior distributions of GW170608 has a significant effect on the posterior
distributions.
We implement both P1 prior and P2 prior on parameters related to the charges. With P1 prior, the results show
extreme charge for most of these events. Compared with 0PN waveform model, lnB0 of 0PNC increases with charge
for those events carried with a large amount of charges. For GW151226 and GW170608, lnB0 of 0PNC of these
two events is even smaller than 0PN. Results of the P2 prior give similar charges on GW151226 and GW170608,
i.e., λ1λ2 ∼ 0.01, |ζ| ∼ 0.01. And lnB0 of these two events are enhanced closer to results of 0PN. For GW150914,
GW170729, and GW170823, both λ1λ2, |ζ| do not change too much compared with values in P1 prior. So from the
results obtained by 0PNC under P1 prior and P2 prior, the data of these three events are more consistent with the
extreme charge. In FIG. 2, we show both P1 prior and P2 prior on λ1λ2 and |ζ|. Also, we show the posteriors of these
two parameters of GW150914 and GW170608 as examples. For GW150914, the change of the prior distributions does
not significantly affect the distributions of the posterior, while the change of the prior distributions of GW170608 has
a significant effect on the posterior distributions, especially on the posterior distribution of λ1λ2.
For the rest five events, under the P1 prior distribution, the results tend to have extreme charges. Under the P2
prior distribution, λ1λ2 ∼ 0, the values of |ζ| and lnB0 of them also drop slightly. It can be seen that the value
of λ1λ2 is greatly affected by the prior distribution. The charges of GW151226 and GW170608 measured by the
0PNC waveform model are actually attributed to the coupling between the parameters and the noise of the LIGO-
Virgo detector. In order to verify our speculation, we use the same detector noise and inject 0PN GW signals, and
then analyze them with the 0PNC waveform model under P1 prior. Taking GW151226 as an example, the analysis
result obtained by using the 0PNC waveform model under P1 prior is λ1λ2 = 0.05
+0.13
−0.05, |ζ| = 0.09+0.31−0.08, and the
analysis result obtained by using the 0PNC waveform model for the data obtained by injecting the 0PN waveform
is λ1λ2 = 0.18
+0.15
−0.15, |ζ| = 0.09+0.08−0.08. The result of GW170608 is similar to GW151226. These results indeed support
our hypothesis. However, for other events, the charges obtained from the real data can hardly be explained by the
parameter coupling and detector noise. We also notice that for the three events that have been measured with the
extreme opposite charges from both P1 and P2, the mass and luminosity distance of the corresponding source are
sizably changed.
In addition, we find that if we use the IMR waveform model to inject the parameters of the corresponding events
in Table II, and then use the 0PNC waveform model to analyze, the results obtained are similar to the results of the
0PNC waveform model shown in Table II. Conversely, if the parameters of the corresponding source in Table II are
injected with the 0PNC waveform model, and then analyze them with the IMR waveform model, the results obtained
are similar to the results of IMR waveform model shown in Table II. This can be attributed to the facts that the
0PNC waveform model does not include the higher-order terms which are included in the IMR waveform model, and
the IMR waveform model does not account for the charge that appears at −1 PN order in the 0PNC waveform model.
Also, there is possibility that the charge effect may mimic the effect of some higher-order terms.
In order to further test our results, like what have been done in [1], we match the waveforms of the best fit parameters
9TABLE III. The recovered two electric related parameters of the 0PNC model, with the 0PN injected data using the
parameter values similar to [2]. All the source properties are shown in 90% confidence interval.
Event name GW150914 GW151012 GW151226 GW170104 GW170608
λ1λ2 0.05
+0.15
−0.08 0.06
+0.13
−0.07 0.18
+0.15
−0.15 0.09
+0.18
−0.10 0.07
+0.12
−0.06
|ζ| 0.34+0.30−0.28 0.22+0.25−0.18 0.09+0.08−0.08 0.35+0.30−0.26 0.09+0.07−0.07
Event name GW170729 GW170809 GW170814 GW170818 GW170823
λ1λ2 0.18
+0.36
−0.49 0.10
+0.21
−0.16 0.12
+0.18
−0.11 0.14
+0.16
−0.13 0.10
+0.34
−0.26
|ζ| 0.41+0.67−0.36 0.39+0.44−0.33 0.22+0.31−0.19 0.22+0.31−0.19 0.44+0.51−0.38
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FIG. 3. The whitened data, models, and the corresponding residuals of GW150914. The times are relative to the
GPS time 1126259462. The left panel are the results of H1 and the right panel are the results of L1, the residuals of
the 0PN waveform model and the 0PNC waveform model for two detector data are shown in the bottom panel. The
blue lines represent the signal detected by detectors, and the black lines represent results of the 0PN waveform
model, while the yellow lines for the 0PNC waveform model. The signals shown here are all filtered with a 20− 130
Hz bandpass filter.
obtained from 0PN and 0PNC (P1 prior) waveform models with the detection data, and the results are shown in FIG.
3. Both the 0PN and 0PNC waveform models do not describe high-frequency waveforms well, so in FIG. 3 we filter
the signals with a 20− 130 Hz bandpass filter. Compared with the 0PN waveform model, the 0PNC waveform model
matches the detector data better before reaching peak amplitude of the signal. Basically, we conclude that indeed
the 0PNC waveform model can better match the detector data in comparison to the 0PN waveform model, which is
consistent with the results shown in TABLE II.
Finally, we want to properly interpret our results. We notice that the part of data of which the 0PNC matches better
than 0PN comes from the last few cycles of the waveform right before the post-inspiral. This part also corresponds to
the moment when the post-Newtonian approximation fails and the strong field effect of merger kicks in. Following [36],
we set a low-pass frequency as 55 Hz for GW150914 since the intermediate frequency part of 55− 130 Hz could still
contribute to the discrepancy. For IMR (0PN) waveform model, we find the log Bayes factor to be lnB0 = 39.7 (36.6).
For 0PNC waveform model, we obtain λ1λ2 = 0.01
+0.12
−0.14, |ζ| = 0.71+0.20−0.28 and the log Bayes factor is lnB0 = 35.5. We
note that, both IMR and 0PN work better than 0PNC waveform model. This fact reveals the apparent non-zero
charge obtained in data comes mostly from the intermediate frequency range, corresponding to the final cycle before
the merger and ringdown.
10
V. SUMMARY
In this work we tried to constrain the BH charge with the GW data of ten binary BH merger events. Based on
PPE formalism, the most stringent limit up to now on the dipole radiation through these GW events was |ζ| ∼ 0.31
[14, 25], and our result was |ζ| ∼ 0.05+0.07−0.04 with 90% confidence interval.
To further explore the possibility that BH carries finite amount of charge, we developed the 0PNC waveform model.
The 0PNC waveform is obtained by taking into account the dissipation effect caused by the electromagnetic radiation
on the circular orbit of the charged binary BHs. Like 0PN waveform the spin of BHs is not considered as which
emerges in the waveform only at higher orders. The analytical 0PNC waveform is achievable only if the charge is
treated as a correction, so the general charge case is gotten numerically.
Then we briefly analyzed the effect of the charge on the GW waveform. We found that both the amplitude and
phase of the GW signal will be strongly affected if the BHs are endowed with a large amount of charges. And we used
0PNC waveform model to analyze the fist two run data of LIGO-Virgo with two kinds of priors on charge parameters,
and we found some sources have extreme charges approximately. We tested the results by injecting GW signals and
found that the charges of GW150914, GW170729, and GW170823 in the injection are so small comparing with that
of real data analysis, this can exclude the effect caused by the parameter coupling and detector noise in the real data
analysis. For other events, there is no such evidence.
We highlight that the charged PN waveform are favoured when applying analysis on the whole data. However,
this does not necessarily mean a detection of non-zero charge in the BH merger, but rather origin from the failing of
PN approximation right before merger. Our PN waveform model for charged BH merger is also too simple to draw
more sophisticated conclusions, and we strongly suggest the development of new waveform models, to include more
complete merger phases, and to involve higher PN modes.
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